Background: In the dog, the normal estrous cycle includes a prolonged luteal phase. Progesterone stimulates local canine mammary growth hormone (GH) production, which may act systemically and contribute to insulin resistance. Swedish Elkhounds are predisposed to progesterone-related diabetes mellitus, and the relationship among insulin resistance, GH, and insulin-like growth factor I (IGF-I) is of particular interest.
I n contrast to other species, in the dog, progestageninduced growth hormone (GH) production by the mammary gland 1 contributes substantially to circulating GH concentrations. Mammary-derived GH thus may have systemic effects. 1, 2 Circulating GH concentrations increase in response to endogenous progesterone production during diestrus 3 and after exogenous progesterone administration to ovariohysterectomized animals. 2 Growth hormone is a regulator of circulating insulin-like growth factor I (IGF-I), which is synthesized mainly by the liver and provides negative feedback on GH production by the pituitary gland. Growth hormone has a late anti-insulin effect that leads to hyperglycemia and insulin resistance, 4 which may contribute to the development of diabetes mellitus (DM). 5 In addition to its direct effects on glucose homeostasis, GH acts indirectly through IGF-I to promote cell growth and prevent apoptosis. In humans, increased blood concentrations of IGF-I are associated with increased risk of prostate, breast and colorectal neoplasms. 6 Local GH production may also play a role in the pathogenesis of mammary tumors in dogs. 7 In 1 study, inflammatory mammary carcinomas in dogs were most commonly first palpated in diestrus. 8 Intact female dogs with malignant mammary tumors have been shown to have higher GH and IGF-I concentrations during anestrus than healthy controls. 9 The incidence of DM in the adult Swedish dog population is 13 cases per 10,000 years at risk, with Swedish Elkhounds being particularly predisposed with an incidence of 45 cases per 10,000 years at risk. 10 The increased incidence in Elkhounds in Sweden is likely a consequence of both genetic and environmental factors. Almost all cases of DM in Swedish Elkhounds occur in intact females during diestrus or pregnancy. 10 ,11 C-peptide, which is cosecreted with insulin from the pancreas caused by cleavage of proinsulin, is higher in clinically healthy Elkhounds during diestrus than during anestrus, 12 and those that develop DM have higher GH concentrations at diagnosis compared with healthy diestrus controls. 11 Ovariohysterectomy is used in the management of the disease, with glucose concentrations normalizing after the procedure in 46% of cases.
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The aim of this study was to further clarify the relationship among GH, IGF-I, and insulin resistance, as well as determinants of IGF-I concentrations in healthy intact Swedish Elkhounds during diestrus. Because a number of animals were found to have previously unrecognized mammary masses, we also assessed the role of GH and IGF-I as potential biomarkers of mammary masses as well as future diseases related to diestrus (mammary masses and pyometra) and mortality.
Materials and Methods

Study Design
All owners of female Swedish Elkhounds ("J€ amthund") registered at birth in the Swedish Kennel Club between 1997 and 2002 were invited by personal letters in 2008 and 2009 (n = 2,723). These dogs were recruited as controls for a larger project, the Swedish Canine Diabetes Mellitus Project.
11,12 Owners of healthy dogs willing to participate (n = 175) in the study were instructed to bring their dogs to their local veterinarians 3-8 weeks after the end of estral bleeding. Dogs were to be fasted for at least 12 hours before the visit. Owners filled in health questionnaires and provided written consent before blood sampling. The dogs underwent clinical examination following a specific protocol. Body condition score (BCS) was recorded by the veterinarian using a 3-grade scale (underweight, normal, overweight). Dogs were included in this study if they were intact bitches, had been fasted appropriately, and were considered healthy. Some animals were found to have previously unrecognized mammary masses, and because of the relationship between the GH/IGF system and tumors, it was decided not to exclude these dogs and they were considered a separate group. Dogs were excluded if any abnormalities other than mammary masses were found during veterinary clinical examination, the dog was on any medication, had a known disease or pregnancy, abnormal clinical signs according to the owner, blood glucose concentration >126 mg/dL, fructosamine >375 lmol/L, or some combination of these findings (Fig 1) . Because of low progesterone concentrations found in 2 dogs sampled at 8 weeks after the end of estral bleeding, only dogs sampled 3-7 weeks after the end of estral bleeding were included in this study. In 2010, a health questionnaire was sent out to the owners of enrolled dogs. The owners were asked about the health status of their dogs and were given written instructions on how to palpate the mammary glands.
The study was approved by the Swedish Animal Ethical Committee (no. C267/5) and the Swedish Animal Welfare Agency (no. 2005-2038).
Sample Handling
Blood samples were drawn from the cephalic vein into tubes without anticoagulant. Within an hour after sampling, serum was separated and sent at ambient temperature to the Clinical Pathology Laboratory, University Animal Hospital at the Swedish University of Agricultural Sciences. Upon arrival at the laboratory, samples were analyzed for glucose and fructosamine and then stored at À80°C until further analysis. Samples analyzed at a second laboratory (Clinical Pathology Laboratory, Utrecht University) were sent on dry ice from the primary laboratory. 
Analytical Methods
Growth hormone was analyzed singly at the Clinical Pathology Laboratory, Utrecht University, using a commercially available RIA for porcine and canine GH a as described by Beijerink et al 13 with an interassay coefficient of variation (CV) of 7.6%. Intra-assay CV was 5%. Insulin-like growth factor I was analyzed in duplicate using a commercially available ELISA b using excess IGF-II for preventing interference of IGF-binding proteins (IGFBPs). For the validation of this assay, canine serum pools were diluted and spiked with recombinant human IGFBP-1, c -2 d and 3 e at total concentrations of 8 and 30 mg/L. For comparison, the serum pools, as well as a sample from an acromegalic dog, were diluted without any additives. The recovery with added IGFBPs was 99-109 and 54-61%, respectively. Diluted serum pools and serum from an acromegalic dog without any additives showed a recovery of 95-113 and 100-106%, respectively. The recovery after adding recombinant human IGF-I to a canine serum sample was 103%. We also performed acid gel chromatography in a healthy dog to separate IGFBPs from IGF-I according to the protocol of Mohan and Baylink 14 except that serum was mixed with 1 M acetic acid and incubated for 30 minutes before its application to the column. Serum after removal of IGFBPs by acid gel chromatography was compared with nonchromatographed serum. Serum without IGFBPs showed a recovery of 98% compared with serum with IGFBPs when run in the IGF-I ELISA. Samples with high, medium, and low concentrations showed intra-and interassay CV of 2.1-9.9 and 3.4-8.5%, respectively. There was no cross-reactivity with canine C-peptide f and purified porcine insulin, g which is identical to canine insulin.
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C-peptide was measured using a commercially available species-specific radioimmunoassay for canine C-peptide.
h According to the manufacturer, recovery after dilution and addition of canine C-peptide was 95-101 and 95-111%, respectively. Intraassay CV was 4.1-7.6% and interassay CV was 7%. The instructions given for the kit were followed, except that the protease inhibitor aprotinin i was added just before analysis instead of immediately after sampling as described earlier by Fall et al. 16 In a stability study comparing 3 samples stored with and without aprotinin at room temperature for up to 48 h, 2 samples without aprotinin were stable after 24 h and the concentration of the third had decreased by 24%. After 48 h, the concentration of 1 sample had decreased by 23%; 1 sample was stable; and the concentration of the third sample had increased by 17%. 17 Samples with concentrations under the detection limit (0.17 ng/mL) were assigned a concentration of 0.085 ng/mL. Serum progesterone was analyzed by a chemiluminescent immunoassay previously validated in the dog. j,18 Intra-and interassay CV were 3.4-7.5 and 4.2-7.4%, respectively. Serum glucose concentrations were determined by a glucose hexokinase method.
k Fructosamine was measured by a colorimetric assay, based on the ability of ketoamines to reduce nitrotetrazolium blue formazans in an alkaline medium.
l Intra-and interassay CV were 0.6 and 3%, respectively. Recovery upon dilution of samples down to 1 : 8 was 99-118%.
Statistical Methods
Descriptive Statistics. Continuous variables were checked for normality by examining normal probability plots. Descriptive statistics are presented as mean AE standard deviation (SD) and median and interquartile range. Time from when the owner noticed the last bleeding until sampling is given in days. Minitab 16 Statistical Software, m STATA 12, n and SAS 9.3 o were used for statistical calculations.
The dogs were categorized into 2 groups: healthy dogs and dogs with mammary masses at baseline sampling. The nonparametrical Mann-Whitney U-test was used for comparing these groups when considering continuous variables.
Causal Web. A causal web with hypothesized associations in diestrous dogs was built based on published studies (Fig 2) . Because of the number of variables and sample size in the study, the number of causal relationships had to be restricted and thus only the relationships considered to be strongest, based on published knowledge, were included in the causal web. Insulin resistance was estimated using homeostasis model assessment (HOMA-IR) by the nonlinear method developed by Levy et al 19 using C-peptide and glucose. This approach has been used previously in dogs. 12 
Multivariable Linear Regression
Only healthy dogs without mammary masses were used for regression analysis. We fitted a linear regression model of the effect of GH on insulin resistance. Potential confounders of the effect of GH on insulin resistance included progesterone and weight (Fig 2) . Because progesterone was only available in 69% of the samples, a multiple imputation procedure 20 based on days after estrus was used for the missing values using the "mi impute" option in STATA12 and 100 imputations. Regression modeling was done using the "mi estimate" option in STATA12. Estimation of the variance explained in the models was done with the "mibeta" command.
Insulin-like growth factor I is often used as a proxy for GH measurement in the clinical setting and it is important to know what factors could confound the association of GH with IGF-I. On the basis of references used for the causal web (Fig 2) , we assessed C-peptide as a potential confounder of this association.
The distributions of HOMA-IR and IGF-I were highly skewed: preliminary models showed non-normality of the residuals and the dependent variables were therefore transformed to the natural logarithmic scale before multivariable modeling. Regression models were built including all potential confounders in the models. The cutoff for statistical significance was set to P < .05. We considered a covariate as a significant confounder if the elimination of the covariate in the model changed the beta coefficient of GH by >20%.
The underlying assumptions of homoscedasticity were evaluated by examining plots of standardized residuals against predicted values. Normality of residuals was examined by plotting QQ-plots and histograms. Linearity of predictor-outcome was examined by plotting standardized residuals predictor over values of each predictor.
Structural Equation Modeling
Structural equation modeling (SEM) was used to further investigate all relationships among variables in the causal web (Fig 2) . The pathway analysis was performed using the CALIS procedure in SAS 9.3 and was developed by excluding variables in a stepwise elimination procedure by considering their level of significance, adjusted goodness of fit, and Akaike information criterion. The level of significance for excluding a path was set to .20. Only healthy dogs without mammary masses were used for analysis. The distribution of IGF-I, Cpeptide, progesterone, and GH was highly skewed and was therefore transformed to the natural logarithmic scale before modeling.
Prediction of Development of Diestrous Diseases and Mortality. Serum concentrations of GH and IGF-I, weight, and age were compared with the Mann-Whitney U-test between dogs that had developed (1) mammary masses, (2) pyometra, and (3) died at follow-up and those that had not developed any disease or died. For this analysis, dogs with mammary masses at baseline sampling were excluded (n = 23). Animals that developed ≥2 of the outcomes could contribute to more than 1 group. Time of sampling after the end of estral bleeding was compared among groups using Kruskall-Wallis Test. Figure 1 illustrates the recruitment process. Of the 175 dogs initially participating in the study, 84 met the final inclusion and exclusion criteria. Two dogs had missing glucose concentrations but normal fructosamine concentration and no clinical signs of diseases and were considered healthy and were included. Six dogs were scored as overweight, 76 as having normal weight, and 2 had missing information regarding BCS. No dog was scored as underweight.
Results
Dogs
Sixty-one dogs were considered healthy based on veterinary examination and owner health questionnaire. Twenty-three dogs were found to have newly palpable mammary masses and no other clinical signs. Eighty-seven percent of the dogs were considered healthy at baseline sampling and their owners responded to the follow-up questionnaire (n = 53). Mean (AESD) follow-up time was 20 (8.9) months.
Descriptive Statistics
Descriptive statistics for measured biomarkers, age, weight, and time after estrus stratified on healthy dogs and dogs with mammary masses are shown in Table 1 . Growth hormone (P < .0001) and IGF-I (P = .007) concentrations were higher in dogs with mammary masses than in healthy dogs. There were no differences in serum concentrations of glucose or C-peptide between the 2 groups.
Multivariable Linear Regression
The results from the multivariable regressions with HOMA-IR and IGF-I as outcome are shown in Table 2 . Growth hormone was positively associated with HOMA-IR (P = .009). Progesterone and weight had no significant association with HOMA-IR and did not confound the relationship between GH and HOMA-IR. An increase in GH of 1 ng/mL was associated with an increase in HOMA-IR of 12.7%. C-peptide (P = .04) was associated with IGF-I. Growth hormone was a confounder for the association between IGF-I and C-peptide, but C-peptide was still significant when GH was kept in the model. An increase of 0.1 ng/mL in C-peptide was associated with an estimated increase in IGF-I of 6.9%. For the models with outcome HOMA-IR and IGF-I, the variance explained by the models (adj. R 2 ) was 15.3 and 21.9%, respectively. The assumptions of homoscedasticity, normality, and linearity were fulfilled. No interactions were seen between significant variables.
Structural Equation Modeling
The results of the structural equation modeling are shown in Figure 3 . Using the cutoff for significance of P < .2, the model showed a positive causal effect of GH on HOMA-IR (P = .05). Also, a positive effect of HOMA-IR was seen on IGF-I (P = .04), and IGF-I had a positive effect on weight (P = .17).
Prediction of Development of Diestrous Diseases and Mortality
Of the 61 questionnaires sent to owners of healthy dogs, 8 were not returned (Fig 1) . At follow-up, according to the questionnaire, 9 dogs had developed new mammary masses (4 diagnosed by a veterinarian and 5 by palpation by the owner); 6 dogs had developed pyometra; and 6 had died. These animals were compared with those that were healthy at sampling and follow-up. As shown in Table 3 , there was a tendency for dogs that had died by follow-up to be older at the time of sampling and for GH to be lower in dogs that had mammary masses at follow-up. Insulin-like growth factor I concentrations at sampling did not differ between any of the groups. There was no significant difference between sampling time after the end of estral bleeding among groups. Only 1 dog developed DM.
Discussion
The main findings of this study in nondiabetic, middle-aged, and older, intact diestrous Swedish Elkhounds are 2-fold: (1) the independent positive effect of serum GH on fasting measures of insulin resistance; and (2) a positive GH-independent effect of insulin measured as C-peptide on IGF-I, supporting previous observations that there is a relationship between IGF-I and insulin concentrations. 21 The homogenous population studied and the high response rate on the follow-up questionnaire are considered strengths of this study.
Growth Hormone, Progesterone, and Insulin Resistance
In this study, we found evidence that GH had a positive effect on HOMA-IR. We did not find evidence of an association between progesterone and HOMA- IR, which was somewhat surprising because both GH and progesterone are known to increase insulin resistance. 22, 23 Progesterone-induced GH excess is associated with glucose intolerance in dogs, 3 but to our knowledge, the independent contribution of mammary GH and progesterone on insulin resistance in diestrous dogs has not previously been evaluated using either SEM or multivariable models. In 1 study, glucose homeostasis was studied in dogs given estradiol and progesterone mimicking hormone concentrations during the 3rd trimester, and the authors concluded that progesterone and estradiol exposure caused insulin resistance. 24 Unfortunately, GH was not measured in that study, and therefore it cannot be determined if the insulin resistance was mediated by an increase in GH or not. In 1981, Eigenmann et al 25 found that insulin concentrations, but not GH concentrations, were significantly increased after 2 medroxyprogesterone acetate (MPA) injections supporting an effect of progesterone on insulin resistance. Because those dogs were given high doses of MPA, it is possible we would have seen an association between progesterone and HOMA-IR if animals in our study had been sampled earlier in the luteal phase, when progesterone concentrations are higher.
Increased GH during the first half of the luteal phase may cause insulin resistance. 26 Our results support this hypothesis and suggest that GH affects insulin sensitivity even at physiological concentrations. A previous smaller study in Swedish Elkhounds failed to show differences in GH concentrations between anestrus and diestrus, even though progesterone concentrations were significantly different. 12 
IGF-I, C-peptide, and Insulin Resistance
Using multivariable regression analysis, we found a positive association between C-peptide and IGF-I, Table 3 . Significance was set to P < .2. Significant paths are bold. independent of GH. Growth hormone was considered a confounder because it lowered the estimate, but the association was still significant after adjusting for GH. To further investigate this association, we performed SEM analysis by HOMA-IR, and confirmed a positive effect of HOMA-IR on IGF-I.
An association between IGF-I and insulin concentrations has been described previously in pancreatectomized dogs given exogenous insulin 21 and during postprandial hyperinsulinemia in obese Beagle dogs, 27 but to our knowledge, no studies have evaluated this relationship in healthy diestrous dogs, taking other parameters into account. Insulin resistance in humans with normal beta cell function is accompanied by an increase in insulin concentrations, which can suppress insulin-like growth factor-binding protein-1 and lead to high concentrations of free IGF-I. 28 Insulin also stimulates biosynthesis of GH receptors in the liver, 29, 30 increasing hepatic GH sensitivity and therefore IGF-I production. 31 In the normal state, IGF-I provides negative feedback on pituitary GH synthesis, and thus total IGF-I production will decrease. In diestrous dogs with autonomous mammary GH production, 2 this feedback mechanism may be lacking and we speculate that this leads to a strong positive relationship between insulin resistance and IGF-I.
A homeostasis model assessment using insulin concentrations has been validated in dogs for the assessment of insulin sensitivity. 32 For this study, C-peptide concentrations were available and we used these results for HOMA-IR calculations based on the nonlinear method developed by Levy et al. 19 We analyzed C-peptide rather than insulin. Both are cosecreted from the pancreas caused by cleavage of proinsulin, but C-peptide is reported to be a more reliable marker attributable to low hepatic extraction and longer circulating half-life. 33 A limitation of the C-peptide measurement was that aprotinin was added to the samples just before analysis and not at sampling. In the absence of aprotinin, the variability was AE20% and the results should be interpreted with caution.
Additional studies on the association between insulin resistance and IGF-I, along with studies of IGFBPs that have a role in regulating tissue-specific IGF-I action, 28 will be important to understand the pathogenesis of diseases linked to IGF-I. The association between insulin and IGF-I is considered a possible link between insulin resistance and cancer, and is currently under debate as reviewed by Arcidiacono et al. 34 The association between IGF-I and C-peptide could also be of importance when using IGF-I for diagnosing growth hormone disorders in dogs with altered glucose homeostasis, but additional studies are needed to clarify this effect.
IGF-I and GH
Growth hormone is known to increase IGF-I, which provides negative feedback on pituitary GH, and studies on dogs have shown a positive relationship between these 2 variables.
23, 35 The lack of a significant positive causal effect of GH on IGF-I in this study is likely because of the fact that too few animals were sampled. Another possible reason for the lack of association is that only 1 sample was collected from the animal. Because GH is secreted in a pulsatile pattern, it is possible that multiple sampling may have yielded a different result.
Weight and IGF-I
We found a positive effect of IGF-I on body weight when using SEM. A study in dogs has reported a connection between genetic variation in the IGF1 gene and body size, which may explain our results. 36 We did not include weight as a predictor of IGF-I in the multivariable regression analysis, because we hypothesized the effect of weight on IGF-I to be mediated by insulin resistance. Canine obesity has been correlated with either higher or no effect on IGF-I concentrations in previous studies. 37, 38 In 1 study comparing overweight and lean dogs, both IGF-I and insulin were increased in obese animals, making it impossible to conclude an independent direct effect of obesity on IGF-I. 37 Because only 6 dogs were classified as overweight, we could not determine the effect of obesity, as opposed to body size, on IGF-I.
As do all models of causal associations, SEM heavily relies on the a priori assumptions of possible causal relationships. False assumptions will cause false causal inference. A large benefit of SEM is the possibility of including feedback loops. There was a considerable number of missing values in the sampled dogs, which affects power and how many relationships can be incorporated in the SEM analysis. Thus, we considered the special features of diestrous dogs and only modeled relationships based on knowledge of dogs. Because mammary GH production is considered to be autonomous, 2 we did not include the negative feedback of IGF-I on GH. An association between age and IGF-I has been reported in dogs. 39 However, in this study, we regarded this association as a consequence of the relationship between age and GH. 40 Insulin-like growth factor I is considered to improve insulin sensitivity in humans. However, as reviewed by Clemmons 41 increased concentrations of IGF-I decreases GH concentrations because of negative feedback, and it is difficult to establish how much of the improved insulin sensitivity is attributable to the lower GH concentration. It is also difficult to conclude that this effect occurs at physiological concentrations. Thus, we decided not to include this mechanism in our models. Because we did not include all potential relationships in our models, a hidden confounder cannot be excluded.
IGF-I and Mammary Tumors
Because GH/IGF-I may have a particular role in the pathogenesis of mammary tumors, 7 we investigated concentrations of these hormones in dogs with mammary masses diagnosed at sampling. Mammary tumors can produce GH 42 and indeed, we found that GH and IGF-I were significantly higher in dogs with mammary masses at sampling compared with healthy dogs during diestrus. Queiroga et al 9 also showed that female dogs with mammary tumors sampled in anestrus had higher GH concentrations than control dogs. However, in another study, no difference was seen when estrous cycle phase and exogenous progestins were taken into consideration. 43 In that study, only few animals were sampled during diestrus. Queiroga et al 9 reported higher IGF-I in dogs with malignant tumors compared with healthy dogs, but serum IGF-I concentration was not higher in animals with benign masses. A weakness of this study was that no histology was performed. In a study of Swedish dogs with spontaneous mammary masses diagnosed by veterinarians, only 2% were of non-neoplastic origin. 44 Thus, although it is likely that most of the mammary masses were mammary tumors, the proportion of malignant tumors is not known.
Prediction of Future Disease
High serum concentrations of IGF-I or GH in healthy dogs did not predict which animals developed mammary masses. Indeed, contrary to what we expected, GH tended to be lower in animals that developed mammary masses, and was not explained by the time elapsed from the end of bleeding until sampling. We have no explanation of this finding. However, multiple testing was used, which increases the risk of type I error. When correcting for multiple testing, using the Bonferroni correction, GH was not significant (data not shown).
It has been suggested that animals with a history of malignant mammary tumors should be excluded from prospective studies. 45 In our prospective study, we excluded all animals with a history of mammary tumors and this is considered a strength. However, development of mammary masses was based on a questionnaire, and owners were also instructed to palpate their dogs' mammary glands themselves. This might have led to under-or overdiagnosis of mammary masses. This misclassification could have affected the estimates, but we expect the misclassification ratio to be equal in all groups and therefore not to cause bias. The frequency of pyometra and DM in this study is likely to be reliable because diagnosis during follow-up was made by local veterinarians.
Although the results of this study suggest that GH and IGF-I are not useful predictive markers for development of mammary masses, pyometra, or survival, the power of the analysis was low because of limited sample size and lack of diagnosis date. The power to find a 20% difference in IGF-I or GH between dogs with mammary masses at follow-up and healthy dogs at follow-up was estimated to be 26 and 72% percent, respectively, assuming log-normal distributions and an alpha of .05. A follow-up of 20 months is relatively short when considering the development of mammary masses, and future studies should include longer periods. Because the exact date of death was not available, it was not possible to do a survival analysis, which would have increased the power. The external validity of our findings is hard to evaluate, and the initial response rate may be considered low. However, the Swedish Kennel Club's registry is not rigorously updated regarding death of animals, diseases in the animals, and change in addresses. Thus, we deemed the initial participation rate to be acceptable. At follow-up, a response rate of 87% of the questionnaire is considered high.
Conclusions
In this study, we demonstrate a strong relationship between GH and insulin resistance in older Swedish Elkhounds during diestrus. This relationship may partly contribute to DM development. Furthermore, we showed a positive association between C-peptide and IGF-I in diestrous Swedish Elkhounds. To our knowledge, this is the first time that this association has been shown in a homogenous group of diestrous dogs. Insulin-like growth factor I reference values in veterinary medicine may benefit from adjustment for insulin or C-peptide concentrations, and this should be considered when diagnosing growth hormone disorders in dogs with altered glucose homeostasis. 
